Purpose: To understand the potential contribution of systemic endothelial dysfunction to diabetic erectile dysfunction, and the time course of erectile dysfunction in a streptozotocin (STZ)-induced diabetic rat model.
INTRODUCTION
Erectile dysfunction (ED) often affects diabetic patients. According to a recent study, the crude prevalence of ED was over 50% among men with diabetes. 1 The etiology of ED in diabetic patients is presumed to be multifactorial, but appears predominantly to be caused by a failure of nitric oxide (NO)-mediated cavernosal smooth muscle relaxation due to an autonomic neuropathy and endothelial dysfunction. 2 There is growing evidence to support the relationship between systemic endothelial dysfunction and ED in dia-betic patients. 3, 4 Compared to diabetic patients with normal potency, diabetic patients with ED have different results on tests of systemic endothelial function, such as response to L-arginine stimulation, circulating concentration of plasma thrombomodulin and cell adhesion molecules. 3 A significant reduction in endothelium-mediated vascular responses was associated with impaired erectile function in the diabetic group, when compared with matched non-diabetic controls from human and animal studies. 4, 5 By contrast, Browne et al 6 reported no difference in the forearm blood flow response to acetylcholine, a surrogate marker of endothelial function, between impotent and potent diabetic men. While the explanation for these discrepant results is not clear, the differing sensitivity of the various tests of endothelial dysfunction and diabetes' variation in severity, which is dependent on diabetes' duration and glycemic control, might contribute to the inconsistent results. Serial evaluation of erectile function and evaluation of its association with endothelial function during the course of diabetes in rats might provide insight into this unresolved issue. Streptozotocin (STZ)-induced diabetic rats have been widely used to elucidate the mechanisms involved in the pathophysiology of diabetic ED. Most studies using diabetic rats have measured erectile responses to cavernous nerve stimulation 6∼12 weeks after induction of diabetes with various doses of intraperitoneal STZ. [7] [8] [9] [10] However, the absence of a standardized protocol for induction of diabetes and the wide range of time points used for the evaluation of erectile responses might provide inconsistent data leading to an incomplete understanding of the natural course of ED in STZ-induced diabetic rats, and making it difficult to interpret and compare experimental results. Only a few studies have addressed this concern. 11, 12 Therefore, in this study, we investigated changes in erectile function and endothelial function during the course of STZ-induced diabetes in rats to improve our understanding of the association of systemic endothelial dysfunction with diabetic ED.
MATERIALS AND METHODS

Experimental animals
Eighty-four 8-week-old male Sprague-Dawley rats were classified randomly into a diabetic (n=48) or control (n=36) group. The rats were kept under a 12 hours light/dark cycle and fed rat pellets ad libitum. The rats received either STZ (50 mg/kg, intraperitoneal injection) or the same volume of vehicle (0.1 M citrate buffer, pH 4.5). At the time of injection, the animals weighed 180∼220 g. Blood glucose levels were checked in all animals 48 hours after the injection using an Accu-Chek Compact Meter (Roche Diagnostics, Indianapolis, IN, USA) and diabetes was confirmed when the rats had significant hyperglycemia (＞250 mg/dl). By that time, approximately 60% of rats developed diabetes. The remaining non-hyperglycemic rats received a second injection (30 mg/kg) and they became diabetic within three days. Body weight and blood glucose levels were monitored every other week. All procedures were approved by the Institutional Animal Care and Use Committee of Seoul National University Hospital (IACuc No 10-0236).
Experimental design
Erectile function was evaluated in anesthetized diabetic rats and age-matched control rats at 4, 6, 8, 10, 12, and 14 weeks after induction of diabetes. The functional studies were performed with eight diabetic and six control rats at each point in time. On the day of the study, the rats were fasted overnight and then anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneal injection). After completing the functional studies, a total of 8 ml whole blood was taken from the aorta. An aliquot was mixed with Na2-EDTA (final concentration 1 mg/ml) for the percent hemoglobin A1c (HbA1c) determination by immunoassay (Roche Diagnostics). The other portion of the sample was added to a test tube, where it was mixed with 1/10 of its volume of 0.11 M sodium citrate. The plasma was removed after centrifugation, in a floor-standing centrifuge, for 20 minutes at 1,700 g and 4 o C and was stored at −70 o C until assayed.
In vivo assessment of erectile function
Erectile responses were elicited by electrical stimulation of the cavernous nerve as described previously. 13 Stimulation parameters were 3 V at varying frequencies of 2.5∼20 Hz with square wave duration of 0.2 ms for 30 sec. Both mean arterial pressure (MAP) and intracavernosal 
Measurement of plasma markers of endothelial function
Enzyme-linked immunosorbent assays (ELISA) were used to assess plasma concentrations of soluble intracellular adhesion molecule, e-selectin, and l-selectin (R & D Systems, Abingdon, UK). The plasma von Willebrand factor (vWF) was measured by ELISA (Diagnostica Stago, Asniéres Cedex, France). The high sensitivity C-reactive protein (hs-CRP) level was assessed by immunoturbidimetry using a Tina-quant, C-reactive protein high-sensitivity kit and a Hitachi analyzer (Roche, Laval, Quebec, Canada). Endothelin-1 (ET-1) was measured by enzyme immunoassay (Assay Designs, Ann Arbor, MI, USA). All assays were performed in duplicate and in a blinded fashion.
Statistical analysis
Data are presented as the mean±standard deviation. The significance of differences between the diabetic group and the control group was evaluated using the Mann-Whitney test. Correlations between erectile function and plasma endothelial markers were estimated by Spearman correlation analysis. Statistical significance was considered to be when p＜0.05. Fig. 1 shows the changes in body weight and blood glucose levels of the two groups. The body weight of the control rats gradually increased 2.5 fold from approximately 200 g at 14 weeks. By contrast, the body weight of the diabetic rats remained unchanged during the experimental period and was significantly less than that of the agematched control rats. Once the rats became diabetic, the serum glucose levels were maintained in the range of 300 ∼410 mg/dl throughout the study.
RESULTS
General feature of diabetes
In vivo assessment of erectile function
Erectile responses, expressed as percent ICP/MAP and AUC at each point in time, are shown in Table 1 . Compared to the age-matched controls, there was no evidence for deterioration of the erectile function until six weeks after the induction of diabetes. Although eight weeks of diabetes was associated with the beginning of the alteration of the erectile responses, the degree of functional impairment was different based on the parameters measured. Compared to the age-matched control group, the 8-week diabetic rats began to show a significant de- crease in the AUC observed at the higher frequencies of nerve stimulation (10, 20 Hz) . After this time, significant differences in the AUC were observed between the diabetic group and the control group at all frequencies. By contrast, a significant reduction in the percent ICP/MAP was not observed until 12 weeks of diabetes. The differences, in both parameters, gradually increased during the course of diabetes in both the diabetic and control groups.
Change of endothelial markers during the course of diabetes (Fig. 2)
Six plasma markers and HbA1c were measured during the course of diabetes. There were significant differences in the tested markers between the two groups. The plasma e-selectin and vWF showed the earliest significant changes starting from four weeks of diabetes induction. The differences peaked at six and eight weeks, and declined thereafter. The intracellular adhesion molecule (ICAM) and ET-1 began to show a significant elevation beginning at eight weeks of diabetes. The plasma levels of both markers increased further during the remaining period of study. Elevated plasma hs-CRP was observed from four weeks of diabetes, and its level remained elevated throughout the study. On the other hand, the plasma level of l-selectin did not show a significant difference compared to the controls during the study. The plasma levels of HbA1c began to show significant elevations six weeks after diabetes induction; the level was further elevated, up to 10.3%, by 14 weeks of diabetes. Table 2 shows the results of the correlation analysis of the variables of erectile function compared to various plasma markers. Except for the HbA1c, there was no significant correlation noted between the other plasma markers of endothelial injury and the variables of erectile function. A modest, but significant correlation was observed between the HbA1c and the erectile parameters (ρ= 
Correlation analysis (Table 2)
DISCUSSION
In the current study, we described the change of reflex erectile function and several blood markers of endothelial dysfunction in rats with STZ-induced diabetes. As previously reported, the rats showed evidence of declining erectile function following the STZ injection. 11, 12 Compared to the age-matched controls, the diabetic rats showed a significant decrease in the ICP/MAP and AUC at the eight and twelve week assessments after the STZ injection, respectively. While the elevation of several markers of endothelial dysfunction preceded the decline of erectile function, there was no marker that showed a better correlation with erectile function than the HbA1c, which showed only a modest correlation. This is the first study to describe the biweekly changes in erectile function, in diabetic rats, in detail, and to correlate the changes with various plasma markers of endothelial dysfunction with erectile function. One important finding of our study was that the determination of erectile function impairment depends on the tested parameters and conditions. The AUC of the diabetic rats showed significant erectile impairment as early as eight weeks; however, the ICP/MAP, which has been the most frequently used parameter in cavernosometry, showed evidence of deterioration at twelve weeks after the STZ injection. In addition, the erectile response to higher frequencies of stimulation appeared to decrease earlier than that to lower frequencies. These results suggest that a period of two to three months is needed to accurately measure the effects of STZ on ED in rats. In addition, a range of electrical stimulation during the cavernosometry is needed for appropriate assessments. The fact that changes in the AUC preceded the changes in the ICP/MAP implies that the sole use of ICP/MAP might not be adequate for the detection of changes in erectile function, and other indices of erectile function such as the AUC should be added to such evaluations. The ICP/MAP is the adjustment of peak ICP for systemic blood pressure; this index may just reflect the capability to provide a rigid erection in humans. However, other components of an erection, such as the amount of tumescence or the capability of maintaining the tumescence are important for erectile function. The AUC is the total sum of the elevated ICP during the test and might reflect the tumescence time for humans. The necessity for other indices in addition to the ICP/MAP has been suggested by others. Following the treatment with chronic sildenafil, a significant beneficial effect appeared only in the detumescence time rather than ICP/MAP. 14 The reflex erection of the rat in itself does not sufficiently mirror the human response, but detailed analysis of erectile parameters, in the diabetic rat model, might provide additional insight into the human response. Our results are not consistent with those from Melman et al, 15 which have reported significant changes in ICP/ MAP in as early as 1 month after STZ injection. The difference in tested species (Sprague-Dawley vs. Fischer-344) and stimulation parameters may partly explain the difference. Moreover, a difference in blood glucose control as reflected by the difference in the mean blood glucose level could be the reason. Their diabetic rats showed a higher mean blood glucose (always ＞400 mg/dl) levels than those from our diabetic group, which ranged 300∼ 410 mg/dl during the period of study. Diabetes might be associated with low-grade inflammation and subsequent endothelial dysfunction, which is characterized by decreased systemic bioactivity of NO. Since NO is also the principal molecule responsible for penile erections, it is presumed that systemic endothelial dysfunction plays an important role in diabetic ED. However, there is limited information on the temporal relationship between endothelial function and diabetic ED. Therefore, we serially measured several markers associated with endothelial function and inflammation in the rat model of diabetes. Systemic endothelial function in animals has been evaluated either by measuring vascular smooth muscle responses to various stimuli or by determining blood levels of selected compounds presumed to reflect endothelial function. Since the former method takes much more time per animal and is not suitable for generating meaningful statistical data, during a limited period of time, we chose serial assessment of several blood markers of endothelial dysfunction as potential surrogates of endothelial function. Except for l-selectin, we noted significant elevation in the plasma markers associated with endothelial activation (vWF, e-selectin, ICAM, ET-1) or inflammation (hs-CRP) in the diabetic rats, similar to the results demonstrated in human diabetic patients. [16] [17] [18] However, the variable kinetics of each plasma marker made it difficult to draw any meaningful conclusion regarding the role of systemic endothelial dysfunction in the development of diabetic ED. Among four plasma markers of endothelial activation tested, elevation of the vWF and e-selectin levels was noted as early as four weeks, whereas ICAM and ET-1 showed delayed elevation, noted after eight weeks of diabetes. Furthermore, while the former markers showed a temporary elevation, the latter markers maintained their level during the remaining period of the study. These results suggest the presence of significant endothelial dysfunction in diabetic rats. However, the plasma vWF and e-selectin may be sensitive markers of endothelial dysfunction, but their transient nature is difficult to explain. In addition, the ICAM and ET-1 levels were not as sensitive to early changes in the endothelial function. The plasma level of the hs-CRP, which reflects a low-grade inflammation, remained elevated throughout the study. This finding was consistent with previous diabetic studies, and supports the presence of systemic inflammation in diabetes. 19, 20 The reason l-selectin showed no change is unclear; other studies have reported inconsistent results with regard to l-selectin levels in diabetic patients. 21, 22 Interestingly, no single plasma marker showed a meaningful correlation with erectile function. The null relationship between changes in systemic endothelial function and ED, and the inconsistent results between markers of systemic endothelial function suggest that systemic endothelial dysfunction did not seem to play a significant role in the development of ED during the early phase of diabetes. These findings also cast doubt on the role of these markers as a potential target for therapy and follow-up. Although other explanations for diabetic ED were not evaluated in this study, multiple local etiologies have been suggested in other rat models of diabetic ED. The decreased expression of neuronal and/or endothelial nitric oxide synthase (NOS), 23, 24 decreased NOS activity, 23 and accumulation of advanced glycation end products 25 has been shown to be associated with impairment of erections. Glycation of endothelial NOS (O-linked GlcNAc modification), which leads to decreased enzyme activity, has been found in diabetic rats. 26 Compared to the abovementioned local mechanisms, the significance of systemic endothelial dysfunction does not appear to be a significant factor. Unlike other plasma markers, the amount of glycosylated hemoglobin showed a meaningful negative correlation with erectile function in diabetic rats. Hyperglycemia per se was shown to quench NO and inactivate NOS by increasing the formation of free radicals. The role of superoxide in hyperglycemic conditions is well known. It directly reacts with NO and its serum level is correlated with glycemic control. Glycosylated hemoglobin impaires endothelium-derived relaxation of the corpus cavernosum in a dose-dependent manner and superoxide dismutase completely reverses this impairment. 27 Consistent with preclinical studies, a negative correlation between the levels of glycosylated hemoglobin and erectile function has been demonstrated in patients with type 2 diabetes. 28 Our results confirm the importance of uncontrolled hyperglycemia in diabetic ED. The major limitation of our study could be the absence of data on vaso-relaxation responses as a surrogate for endothelial function. Along with measurement of the blood levels of certain molecules, tests of endothelium-dependent vasomotion provide a functional test of the endothelium. The endothelium has a multitude of functions; different tests are needed to measure different aspects of endothelial function. Some studies have indicated a correlation among these functions, while others have not. [29] [30] [31] Therefore, in the future, the data on vasomotion must be more specifically associated with erectile function to determine the association of endothelial dysfunction with diabetic ED.
CONCLUSIONS
Our observational data in a rat diabetic model showed eight weeks were needed to observe impairment of erections in STZ-injected diabetic rats. There was some evidence of systemic endothelial dysfunction in the diabetic rats, but no association with erectile function was found. These results suggest no significant role of systemic endothelial dysfunction in the development of early phase diabetic ED. However, the important role of uncontrolled hyperglycemia in diabetic ED was once again confirmed.
